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W\SLFDOFDVHZKLFKLVHQWLUHO\EDVHGRQDPRGH,EDVHGFULWHULRQIRUIUDFWXUHIDLOXUH,QWKLVUHFRPPHQGDWLRQWKHVR
FDOOHG 5PHWKRG GHYHORSHG E\ WKH %ULWLVK &HQWUDO (OHFWULFLW\ *HQHUDWLQJ %RDUG &(*% >@ LV DSSOLHG DQG WKH
IDLOXUHDVVHVVPHQWLVPDGHWKURXJKWKHXVHRIDJHQHUDO)DLOXUH$VVHVVPHQW'LDJUDP2SWLRQRIWKH5PHWKRG
7KHEDVLFDVVXPSWLRQEHKLQGWKLVPHWKRGRORJ\LVWKDWPDWHULDOGDPDJHLQLWLDWHGE\DFUDFNRUIODZFDQEHHQWLUHO\
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s
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GHDG ZHLJKW H[WHUQDO PHFKDQLFDO ORDGV HJ
HDUWKTXDNH DQG WKH VHFRQGDU\ HJ WKHUPDO VWUHVVHV UHVSHFWLYHO\KFU LV D FULWLFDO VWUHVV LQWHQVLW\ IDFWRU ZKLFK
SUDFWLFDOO\VHWVWRWKHPRGH,IUDFWXUHWRXJKQHVVK,&DQGULVDSDUDPHWHUIRUDFFRXQWLQJWKHSODVWLFHIIHFWVFDXVHG
E\WKHLQWHUDFWLRQRISULPDU\DQGVHFRQGDU\VWUHVVHV7KHSODVWLFIDLOXUHYDULDEOHLr LVGHILQHGDVWKHUDWLREHWZHHQ
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7KHUHDUHKRZHYHUXQFHUWDLQWLHVIRUFRPSOLFDWHGVLWXDWLRQVDSSHDUHGLQPRVWSUDFWLFDODSSOLFDWLRQV>@2QH
RIWKHPRVWXQFHUWDLQLVVXHVLVWKHXVHRIWKHPRGH,FUDFNLQJDVVXPSWLRQLQWKLVSURFHGXUH,WLVHPSOR\HGVLPSO\
GXH WR WKH XQDYDLODELOLW\ RI D WKRURXJK XQGHUVWDQGLQJRI D GHWDLOHG NQRZOHGJHRI WKHPL[HGPRGH GULYHQ IDLOXUH
PHFKDQLVPDVLQGLFDWHGLQ5HIZKHQWKH5PHWKRGZDVGHYHORSHGLQ,WKDVEHHQREVHUYHGIRUGHFDGHV
>@ WKDW IRU FDVHV ZKLFK WKH FUDFNWLS EHKDYLRU LV W\SLFDOO\ GULYHQ E\ D PL[HG PRGH FRQGLWLRQ LW LV QRW
FRQVHUYDWLYHLIWKHIUDFWXUHIDLOXUHDVVHVVPHQWLVPDGHWKURXJKVLPSO\XVLQJPRGH,EDVHGFULWHULD
7KHUH DUH VHYHUDO UHDVRQVZK\ WKH DVVXPSWLRQ RI SXUHPRGH , FUDFNLQJ FDQ EH DFFHSWHG LQ WKH DVVHVVPHQW RI
IUDFWXUHIDLOXUHIRUDSSOLFDWLRQVLQVDIHW\UHODWHGQXFOHDUSRZHUIDFLOLWLHV,QDGGLWLRQWRWKRVHPHQWLRQHGLQWKHUHSRUW




LV KRZHYHU RI JUHDW LPSRUWDQFH WR UHDOL]H WKDW DPL[HGPRGH FUDFNLQJ RFFXUV LQPRVW SUDFWLFDO VLWXDWLRQVZKHQ
FRPSOH[ORDGLQJDQGGLVVLPLODUPDWHULDOVDUHXQGHUFRQVLGHUDWLRQDQGLWLVQRWFRQVHUYDWLYHWRWUHDWVXFKSUREOHPV
DV D SXUH PRGH , FUDFNLQJ DQG WR SXUHO\ XVH PRGH , EDVHG FULWHULD IRU D IUDFWXUH DVVHVVPHQW )RU VXFK FDVHV
HQKDQFHPHQWVRUFRUUHFWLRQVDUHQHFHVVDU\WRHQVXUHDUHOLDEOHDVVHVVPHQW)RUW\SLFDOPL[HGPRGHGULYHQFUDFNVD
UHOLDEOH DVVHVVPHQW FDQRQO\EHDFKLHYHG WKURXJKDQ DFFXUDWH HYDOXDWLRQRIERWK WKHGULYLQJ IRUFH DQG UHVLVWDQFH
SDUDPHWHUVXQGHUWKHPL[HGORDGLQJFRQGLWLRQ
=HQJHWDO>@H[DPLQHGUHFHQWO\DQDO\WLFVROXWLRQVWRWKHFUDFNWLSEHKDYLRUIRUFDVHVZKHQWKHFUDFNSURSDJDWHV
VWUDLJKWDKHDG 0RGH , FUDFNLQJ DQG LQ D NLQNHG GLUHFWLRQ 0L[HG PRGH FUDFNLQJ DQG VKRZHG WKDW IRU FDVHV
LQYROYLQJFRPSOH[ORDGLQJVRUGLVVLPLODUPDWHULDOVWKHHQHUJ\UHOHDVHUDWHIRUDVWUDLJKWDKHDGJURZWKFDQEHPXFK
OHVVWKDQWKDWIRUDNLQNHGJURZWK,QWKLVZRUNWKHPRVWNQRZQH[DPSOHRIPL[HGPRGHFUDFNLQJQDPHO\DSODWH
ZLWK DQ DQJOHG FUDFN LV LQYHVWLJDWHG DQG WZR FRQFOXGLQJ UHPDUNV DUH PDGH  LW LV QRW FRQVHUYDWLYH LI WKH
DVVHVVPHQW LV PDGH WKURXJK XVLQJ SXUHO\ PRGH , EDVHG FULWHULD DQG  -LQWHJUDO RU RWKHU HPSLULFDOO\ EDVHG
DSSURDFKHV HJ WKH ³HIIHFWLYH VWUHVV LQWHQVLW\ IDFWRU´ PXVW EH XVHG LQ RUGHU WR DFKLHYH D UHOLDEOH DVVHVVPHQW
)ROORZLQJ WKLV ZRUN  DLPLQJ DW XQGHUVWDQGLQJ WKH EHKDYLRU RI FUDFNHG GLVVLPLODU PHWDO ZHOGV LQ DJLQJ QXFOHDU
SRZHUSLSLQJIDFLOLWLHV=HQJHWDO >@DQDO\VHGDIXOOVFDOH ODERUDWRU\ WHVWFRQGXFWHGMRLQWO\E\)UHQFK(')DQG
)5$0$720($13QRZ$5(9$)LQQLVK977%ULWLVK7:,DQGVHYHUDORWKHUV IRU(XURSHDQ$WRPLF(QHUJ\
&RPPXQLW\(8)LIWK)UDPHZRUN3URJUDP>@7KHWHVWLVD%HQFKPDUNIRXUSRLQWEHQGLQJWHVWRID
VWUDLJKW SLSHZLWK DQ REOLTXHO\ LQVHUWHG FUDFN LQ D GLVVLPLODUPHWDOZHOG RI IHUULWLF VWHHO $ DXVWHQLWLF VWHHO
/ZHOGPDWHULDO/DQGEXWWHULQJPDWHULDO//
7KLV SDSHU FRQWLQXHV WKH DQDO\VLV RI WKLV WHVW 1RQOLQHDU ILQLWH HOHPHQW DQDO\VLV XVLQJ D 5DPEHUJ2VJRRG¶V





7KLV SDSHU FRQWLQXHV WKH DQDO\VLV RI WKLV WHVW 1RQOLQHDU ILQLWH HOHPHQW DQDO\VLV XVLQJ D 5DPEHUJ2VJRRG¶V






QXFOHDU VSHFLILFDWLRQV IRU DOO UHOHYDQW WHFKQLFDO UHTXLUHPHQWV $OO WHFKQLFDO GHWDLOV IRU PDWHULDO ZHOGLQJ GHIHFW
LQVHUWLRQWHVWVHWXSDQGVRIRUWKDUHGHVFULEHGLQ5HIDQGUHIHUHQFHVWKHUHLQ%HORZDQRYHUYLHZLVJLYHQ
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The pipe axis   







7KHSDUHQWSLSHPDWHULDOVDUHRQRQHVLGHDIRUJHG ORZDOOR\VWHHO 6$&ODQGRQ WKHRWKHUSDUWD IRUJHG
VWDLQOHVVVWHHO/7KHWZROD\HUEXWWHULQJLVGRQHZLWK/DQG/ILOOHUPHWDODQGWKHZHOGZLWK/
ILOOHUPHWDO PRUH WKDQ ZHOG SDVVHV 7KH RYHUDOO GLPHQVLRQ IRU WKH'0: LV PP OHQJWK PPZDOO
WKLFNQHVVDQGPPRXWHUGLDPHWHU6HH)LJ7KHGHIHFWIRUZKLFKWKHPD[LPXPGHSWKLVDERXWRQHWKLUGRIWKH














 7KH &ULWLFDO 'LVSODFHPHQW ORDGLQJ DW ZKLFK WKH FUDFN LQLWLDWLRQ WDNHV SODFH LV DERXW  PP DQG WKH
FRUUHVSRQGLQJ&02'PD[LPXP&UDFN0RXWK2SHQLQJ'LVSODFHPHQWLVDERXWPP
























































VVDV H   
ZKHUHV DQG H UHSUHVHQWV WKHYRQ0LVHV HTXLYDOHQW VWUHVV DQG VWUDLQ UHVSHFWLYHO\ DQGPDWHULDO FRQVWDQWV DUH
WKH LQLWLDO \LHOG VWUHVV V  WKH HODVWLFPRGXOXV( DQG WZR RWKHU FRQVWDQWV D DQG Q 7KH ODVW WZR FRQVWDQWV DUH
GHWHUPLQHGE\DVVXPLQJWKDWWKHLQLWLDO\LHOGLQJ yV V WDNHVSODFHDWDVWUDLQRIDQGWKHXOWLPDWHWHQVLOH
VWUHQJWK uV DWDVWUDLQRIIRURXUFDOLEUDWLRQJLYHQLQ7DE
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7KHUH ZDV D FRPSUHKHQVLYH VWXG\ RQ WKH UHVLGXDO VWUHVVHV LQVLGH WKH ':0 UHJLRQ WKURXJK QRQGHVWUXFWLYH
PHDVXUHPHQWVE\PHDQVRIQHXWURQGLIIUDFWLRQ>@,QWKHDUHDQHDUWKHFUDFNIURQWDERXWPPIURPWKHRXWHU
VXUIDFH WKH UHVLGXDO VWUHVV LQ WKH D[LDO GLUHFWLRQ DORQJ WKHSLSH D[LV LV UHSRUWHG WREH DERXW03D WHQVLRQ
ZKLFK LVFRQVLGHUHG WREH ORZ ,QDGGLWLRQ LW LVFRPPHQWHG WKDW WKHPHDVXUHG UHVLGXDO VWUDLQVDQGVWUHVVHV LQ WKH
D[LDO DQG UDGLDO GLUHFWLRQV DUH RI LQIHULRU TXDOLW\ GXH WR PDWHULDO WH[WXUH 6HF  5HI  )XUWKHUPRUH LW LV





HIIHFW RI WKH UHVLGXDO VWUHVVHV WR DYRLG DQ XQQHFHVVDU\ GLVFXVVLRQ RI GLIIXVLYH UHVXOWV )RU WKH VWUXFWXUDO LQWHJULW\
DVVHVVPHQWLQJHQHUDOLWLVDZDUHWKDWWKHUHVLGXDOVWUHVVHVLVQRWLJQRUDEOH
),1,7((/(0(17$1$/<6(6$1'7+($66(660(172)&5$&.,1,7,$7,21
7KH '0: ZLWK WKH SURORQJDWLRQ DUPV DUH PRGHOOHG E\ XVLQJ VRIWZDUH $16<6 >@ ZLWK TXDGUDWLF VROLG
































5.1. Linear finite element computation and assessment of crack initiation 
)RU FRPSOHWHQHVVZH VKRZ ILUVW LQ 7DE  VRPH VHOHFWHG UHVXOWV IURP WKH OLQHDU ILQLWH HOHPHQW DQDO\VLV 7KH
³HIIHFWLYHVWUHVV LQWHQVLW\´Keff LQ7DE LVGHILQHGIRUDFFRXQWLQJ WKHPL[HGPRGH ORDGLQJDFFRUGLQJ WR WKH5
HPSLUFDODSSURDFK$SSHQGL[5HI,WLVJLYHQE\
&UDFNIURQW
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ZKHUHO 
7KHILUVW WKUHH ORFDWLRQV OLVWHG LQ7DEDUH VHOHFWHGE\ WKHPD[LPXPYDOXHRI.,.,,RU.,,, DORQJ WKHFUDFN
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FUDFNLQJ FULWHULRQ 0RGH , FUDFNLQJ FULWHULRQ 5HPULSLFDO ³HIIHFWLYH VWUHVV LQWHQVLW\ IDFWRU´ FULWHULRQ IRU
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F
7KHFUDFNLQLWLDWLRQZLOORFFXULI Ș t ,Q7DEDQDVVHVVPHQWLVLQYHVWLJDWHGIRUWKHIRXUVHOHFWHGORFDWLRQV
E\DVVXPLQJ WKDW WKH WRXJKQHVVYDOXH LQ WKH UHJLRQRIEXWWHULQJPDWHULDO LV -,& P-PPRU FRUUHVSRQGLQJO\
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
)LJ&UDFNLQLWLDWLRQLQSUHGLFWHGE\WKHPRGH,DQGPL[HGPRGHEDVHGFULWHULDIRUWKHUHJLRQZKHUHWKHHIIHFWRIWKHPRGHV,,DQG





PRGHEDVHGFULWHULRQIRUDKLJKHUWRXJKQHVVYDOXH-,& P-PP.,& 03D PP ZKLFKLVFRQVLGHUHGWR
EHPRUHUHDOLVWLF>@
7KH DVVHVVPHQWV DERYH LQGLFDWH WKHSRVVLELOLW\ IRU FUDFN LQLWLDWLRQE\ DOO WKUHH DOWHUQDWLYHV7KLV FDQEH HDVLO\
XQGHUVWRRGLQYLHZRIWKHIDFWWKDWWKHEHKDYLRXURIWKHFUDFNIURQWZKHUHWKHPD[LPXP-LQWHJUDOYDOXHWDNHVSODFH
LV GRPLQDWHG E\ WKHPRGH , ORDGLQJ IRU WKH ORFDWLRQ l PP$GLIIHUHQW FRQFOXVLRQ FDQ EH REVHUYHG LI WKH
EHKDYLRXU RI WKH FUDFN IURQW LV GRPLQDWHG E\PRGH ,, RU PRGH ,,, 7KLV LV WKH FDVH IRU RWKHU WZR ORFDWLRQV LQ
SDUWLFXODU l PP1RWLFH DOVR WKDW WKH GHJUHH RI FUDFN LQLWLDWLRQ LQGLFDWHG E\ XVLQJ WKHPRGH , FULWHULRQ LV
3UHGLFWHGE\WKHPRGH,EDVHG.,FULWHULRQ
3UHGLFWHGE\WKHPL[HGPRGH-FULWHULRQ
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VPDOOHU WKDQ WKRVHJLYHQE\ WKHRWKHU WZRDOWHUQDWLYHV HYHQ LI LW LVQRW D IXOO\ IDLU FRPSDULVRQE\ ORRNLQJDW WKH
SDUDPHWHUV -Ș  NȘ DQG HIIȘ DVZHKDYHDUHODWLRQRI
. a-IRULVRWURSLFHODVWLFPDWHULDOV>@




LQ WKH SURORQJDWLRQ DUPV FORVH WR WKH '0: PXVW KDYH XQGHUJRQH D VHYHUH SODVWLF VWUDLQLQJ ZKLFK LV LQGHHG
REVHUYHGLQWKHWHVW>@7KHSUHVHQFHRIDVHYHUHGXFWLOHIDLOXUHFDQDOVREHREVHUYHGLIWKHUHDFWLRQIRUFHV)&DQG
)' UHFRUGHG LQ WKH WHVW DW WKH FULWLFDO GLVSODFHPHQW  PP DQG DW WKH GHVWUXFWLYH GLVSODFHPHQW  PP
UHVSHFWLYHO\VHH6HFWLRQDUHXVHGWRHVWLPDWHWKHSODVWLFIDLOXUHSDUDPHWHU



















5.2. Non-linear finite element computation and assessment of crack initiation 
'XHWRWKHODUJHQXPEHURIXQNQRZQYDULDEOHVaPLOOLRQ'2)WKHFRPSXWDWLRQLVERWKWLPHFRQVXPLQJDQG
QXPHULFDOO\ GLIILFXOW7KH FRPSXWDWLRQ LV GRQHE\ DSODFHPHQWFRQWURO RQ WKH WZR UDPV DV LQ WKH WHVW&RPSXWHG
UHVXOWVDUHVXPPDUL]HGDVIROORZV
7KHPD[LPXP&02' DW WKH LQVWDQW IRUZKLFK WKH FUDFN LQLWLDWLRQ REVHUYHG LQ WKH WHVW LV PPZKLFK
DJUHHVUHDVRQDEO\ZHOOZLWKWKHPHDVXUHGYDOXHVPP















ZH QRWH WKDW WKH FRPSXWDWLRQ RI -LQWHJUDO XVHV D ³FRQWRXU LQWHJUDWLRQ´ZKLFK GHSHQGV RQ WKH ³FRQWRXUQXPEHU´
JLYHQE\ WKHXVHU7KHVHWWLQJRI WKLVQXPEHU LV LPSRUWDQWDQGRQHQHHGV WRHQVXUH WKHFRQYHUJHQFHRI WKHHODVWLF
VROXWLRQ 6XFK XQFHUWDLQWLHV LQ WKH QRQOLQHDU DQDO\VLV KDYH QRW EHHQ DEOH WR EH YHULILHG GXH WR WKH ODUJH ILQLWH
HOHPHQWPRGHODQGDORQJHODSVHFRPSXWDWLRQWLPHIRUZKLFKZHUHIHUWR5HI
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